The persistence of Salmonella typhimurium (V-31) on wool blanket, wool gabardine, cotton sheeting, cotton knit jersey, cotton terry cloth, and cotton wash-andwear fabrics was studied. Three methods of exposure were employed to contaminate the fabrics: direct contact, aerosol, and a lyophilized mixture of bacteria and dust having a high content of textile fibers. After 18 hr at 37 C, and then frozen in 2-ml samples and stored at about -5 C. When a culture was required for an experiment, a frozen sample was rapidly thawed, 1.0 ml was inoculated into a flask containing trypticase soy broth, and the culture was incubated for 18 hr at 37 C with gentle agitation. A cell density of about 1.5 X 109 cells/ml was usually obtained.
The persistence of Salmonella typhimurium (V-31) on wool blanket, wool gabardine, cotton sheeting, cotton knit jersey, cotton terry cloth, and cotton wash-andwear fabrics was studied. Three methods of exposure were employed to contaminate the fabrics: direct contact, aerosol, and a lyophilized mixture of bacteria and dust having a high content of textile fibers. After contamination, the fabrics were held in 35 or 78% relative humidity at 25 C. The persistence time of S. typhimurium on fabrics held in 35 % relative humidity was substantially longer when the fabrics were contaminated by direct contact or by exposure to dust containing bacteria than when contaminated by exposure to aerosolized cultures. Viable bacterial populations persisted for 24 weeks at relatively high population densities on swatches of wool gabardine, cotton sheeting, cotton knit jersey, and cotton terry cloth exposed by direct contact and held in a humidity of 35%. In 78% humidity, bacterial populations persisted on the fabrics for relatively shorter periods of time regardless of the mode of contamination or fabric type. This organism retained its virulence for Swiss mice after being recovered from wool gabardine swatches held 8 weeks in humidities of 35 or 78 % and from cotton terry cloth swatches held 6 weeks in the same humidities.
Microbial persistence on fabrics may result in dissemination of microorganisms and in fabric deterioration, or it may be of no detectable significance (16) . In an effort to elucidate the possible role of fabrics as disseminators of bacteria, we have studied the persistence of Salmonella typhimurium (V-31) on a variety of wool and cotton fabrics. This organism is of considerable interest with respect to public health. It is commonly implicated in outbreaks of acute gastroenteritis in man and is usually the organism responsible for salmonella septicemia, a complication which occurs in over one-third of all cases of bartonellosis (29) . S. typhimurium is a natural pathogen for rodents, causing a high-mortality disease in mice similar to typhoid in man (19) .
MATERIALS AND METHODS Organism and culture conditions. A lyophilized culture of S. typhimurium (V-31) was obtained from Parke, Davis & Co., Detroit, Mich. The lyophilized culture was suspended in trypticase soy broth, grown for approximately 18 hr at 37 C, and then frozen in 2-ml samples and stored at about -5 C. When a culture was required for an experiment, a frozen sample was rapidly thawed, 1.0 ml was inoculated into a flask containing trypticase soy broth, and the culture was incubated for 18 hr at 37 C with gentle agitation. A cell density of about 1.5 X 109 cells/ml was usually obtained.
Fabrics. Fabrics employed in these studies were wool blanket, wool gabardine, cotton sheeting, cotton knit jersey, cotton terry cloth, and cotton wash-andwear. All fabrics had been bleached, were undyed, and were not impregnated with antimicrobial or mothproofing substances. The cotton wash-and-wear material had been treated with a modified triazone resin (Perma Fresh 197) to impart wash-and-wear properties to the fabric (J. W. Richardson, Russell Mills, Inc., Alexander City, Ala., personal communication). Complete descriptions of these fabrics have been reported elsewhere (25) . Each of the fabrics was cut into circular swatches 2 inches (5.08 cm) in diameter with a mechanized die. Humidity maintenance. A saturated solution of sodium chloride was used to produce a relative humidity of about 78%, and dry potassium acetate was used to produce a relative humidity of approximately 35%. Air-tight, insulated cabinets held in an incubator room at 25 C were used for fabric storage to maintain the desired temperature and humidity (4) .
Sterilization of materials. All fabrics and plastic materials were sterilized with ethylene oxide (Steri-Vac Gas Sterilizer, Minnesota Mining and Manufacturing Co., St. Paul., Minn.) at approximately 30 C for 180 min.
Method of exposure of fabrics to S. typhimurium. Fabric swatches were exposed to the organism in three ways: by direct contact, by aerosol, or by dust. The methodology employed has been described (25, 28) .
Briefly, the direct-contact method consisted of pipetting 0.4 ml of a standardized bacterial suspension (an 18-hr culture adjusted to a cell density of 2 X 10' cells/ml) onto the fabric. An aerosol was produced by S. TYPHIMURIUM ON FABRICS 25 DeVilbiss atomizers facing each other and separated by a wire grid holding the fabric swatches. The bacteria-containing fog was allowed to settle on the swatches for 1 hr prior to removal from the chamber (28) . Dust containing bacteria was prepared by adding a sterile household dust (composed predominantly of textile fibers) to an 18-hr broth culture of S. typhimurium and lyophilizing the mixture (25, 28) . The fabrics were exposed to this lyophilized mixture of dust and bacteria by sealing the swatches in a large battery jar with the dust-containing bacteria mixture and giving the closed jar a random rotating, tumbling action for 15 min (25) .
Method for determination of bacterial persistence on fabrics. Seventy-five swatches of each fabric were exposed to the organism by one of the three methods described above. The swatches were placed five to a dish (separated by sterile, glass-fiber screens) in elevated-lid plastic petri dishes (28 (28) . The plates were inverted and incubated at 37 C for 24 hr, and the number of bacterial colonies was counted. The results are expressed as the number of bacteria recovered per square inch (6.54 cm2) of fabric swatch.
Determination of virulence of bacteria recovered from swatches. In four different persistence experiments, the virulence of bacteria recovered from wool gabardine and cotton terry cloth fabric swatches held for several weeks in 78 or 35% relative humidities at 25 C was determined. Bacterial colonies were randomly picked from plates used to determine the bacterial population density. Trypticase soy broth cultures were inoculated and incubated at 37 C with gentle agitation for 18 to 
RESULTS
The results obtained from each group of five swatches tested at the various time intervals are presented in Fig. 1 and held in 35% relative humidity: wool gabardine, cotton sheeting, cotton knit jersey, and cotton terry cloth (Fig. 2-5 ). The bacterial population density of these swatches at 24 weeks was approximately 1.5 X 105 to 106 bacterial cells/ inch2 of fabric. In a relative humidity of 78%, the persistence time of the bacterial populations was 6 to 12 weeks. Swatches of wool blanket and cotton wash-and-wear fabric exposed by direct contact and held in relative humidities of 35 and 78% retained viable bacterial cells for 2 to 4 weeks (Fig. 1, 6 ).
The persistence time of S. typhimurium on fabrics contaminated by exposure to an aerosol of the organism was 1 to 4 weeks ( Fig. 1-6) . Fabric type or humidity appeared to be relatively unimportant factors affecting the duration of bacterial persistence on swatches contaminated by this method.
Fabric swatches exposed to dust containing bacteria and stored in 35% relative humidity retained viable bacterial populations for 6 to 14 weeks as compared to a bacterial persistence time of 1 to 6 weeks when the swatches were held in 78% relative humidity ( Fig. 1-6 ).
The virulence of S. typhimurium recovered from wool gabardine and cotton terry cloth swatches exposed by direct contact and held for 8 and 6 weeks, respectively, in humidities of 78 and 35% was determined in 14-to 17-g Swiss mice (Table 1) . A comparison of the virulence of the cells harvested from wool gabardine and cotton terry cloth swatches with a fresh culture of S. typhimurium indicates that the harvested cells were still highly infective for mice. (2) reported that freeze-dried bacterial cells of Escherichia coil were killed at a considerably faster rate in a relative humidity of 93% than at lower humidities. These investigators also reported that a distinctive pattern of metabolic injury, such as loss of endogenous oxygen uptake and ability to oxidize certain substrates, occurred when freezedried cells of S. marcescens were exposed to a moist atmosphere (95% relative humidity) in vacuo (3). McDade and Hall (14) , who studied the survival of gram-negative bacteria on glass, ceramic tile, rubber tile, asphalt tile, and polished stainless-steel surfaces, found that survival of all strains of gram-negative bacteria used in the study was best at 25 C and 11 % relative humidity. McNeil and Greenstein (17) reported that relative humidity appeared to be critical for survival of E. coil on fabrics.
In the present study, S. typhimurium persisted on swatches of wool gabardine, cotton sheeting, cotton knit jersey, and cotton terry cloth which had been contaminated by direct contact and held in 35% relative humidity throughout the 24-week experimental period (Fig. 2-5) . Indeed, 24 weeks after the swatches had been contaminated, relatively high bacterial population densities were recovered from the fabrics. Although a humidity of 78 % appeared to provide a less favorable environment for the persistence of S. typhimurium, the duration of persistence in the higher relative humidity was still for a substantial period of time. Bacteria persisted on wool gabardine for 12 weeks and on the different cotton fabrics for 6 to 12 weeks (Fig. 2-5 ). McNeil and Greenstein (17) reported that E. coil persisted for 32 days on cotton fabric at 70 % relative humidity, although the persistence time of E. coli was only 3 days in a relative humidity of 28%. We found that S. typhimurium persisted for 4 weeks on wool blanket fabric in relative humidities of 35 and 78 %, whereas McNeil and Greenstein (17) found that E. coil persisted for 67 days on wool blanket fabric in 70% relative humidity and for 2 days in 28% relative humidity. Although these two investigations employed gram-negative organisms, the species used were different; this probably accounts for the differences in results. However, our results and those of other investigators indicate that environmental relative humidity can exert a pronounced effect on the persistence and viability of gram-negative organisms.
Fabric type is an important factor in influencing the duration of bacterial persistence in and on textiles. McNeil and Greenstein (17) pointed out that the physical characteristics of the fibers themselves and, probably, surface electric charges on both the fiber and bacterial cell may be important in influencing the attachment of bacteria to the fabric surface. In addition, such factors as fabric construction (type of yarn and tightness of weave), the textile processing of the fabric, and the moisture content of the fabric influence the viability of bacteria found in and on textiles (17) .
The duration of persistence of S. typhimurium on wool gabardine fabric contaminated by direct contact and held in 35 or 78% relative humidities was significantly longer than the persistence time of the organism on wool blanket fabric contaminated by direct contact and held in the same two humidities (Fig. 1, 2 ). One step in the processing of wool blanket material involved passing the fabric through a sulfuric-acid bath (W. H. Lawson, Fieldcrest Mills, Spray, N.C., personal communication). Assuming that these processed wool fibers retain a degree of acidity, this would account for the relatively shorter periods of persistence on the wool blanket material. (We have observed that the macerated fabric made the eluting medium slightly acid.) Increased hydrogen-ion concentration can be toxic for several reasons: (i) altered cell permeability, (ii) competition with ionic nutrients for cellular sites of adsorption, and (iii) denaturation or even hydrolysis of sensitive proteins and nucleic acids located at or near the bacterial surface (8) .
The persistence of S. typhimurium on cotton (Fig. 3-6 ). The cotton wash-and-wear material had been treated with a modified triazone resin (Perma Fresh 197) to impart wash-and-wear properties to the fabric. This decreased persistence may be due to the antibacterial action of the triazone resin. We noticed in a previous study that the persistence time of Staphylococcus aureus on cotton wash-and-wear fabric was also relatively brief (28) . Lidwell and Lowbury (11) found that the death rate of dust flora increased with a corresponding increase in atmospheric humidity. We have found that fabrics contaminated by exposure to a mixture of dust containing bacteria retained bacterial populations for longer periods of time when the fabric swatches were held in 35% relative humidity ( Fig. 1-6 ). Fabric type also appeared to affect bacterial persistence when this method of contamination was used. For instance, although Salmonella typhimurium persisted for 6 weeks on the two different wool fabrics in 35% humidity, wool gabardine retained viable bacterial populations for 4 weeks in 78% relative humidity, whereas wool blanket retained bacteria for only 1 week in the same humidity ( Fig. 1, 2 ). Cotton sheeting held in 78% humidity retained viable bacteria for 1 week, whereas cotton knit jersey fabric retained bacteria for 6 weeks in the same relative humidity (Fig. 3, 4) .
As noted above, the persistence of S. typhimurium on cotton wash-and-wear swatches was relatively brief, except when the fabric was contaminated by dust containing this organism and was held in a relative humidity-of 35% (Fig. 6) 1-6 ). On the other hand, the aerosol method of contamination of swatches was very effective when using Staphylococcus aureus (28) . This difference in the efficacy of the aerosol method could be a reflection of the difference between the effect of sheer forces on gram-positive and on gram-negative organisms or of a difference between gram-positive and gram-negative organisms in resistance to rupture by sudden changes in pressure (9) . Webb (27) found that aerosol sensitivity of organisms may be associated with the Gram stain reaction of bacterial cells. He reported that gram-positive organisms usually appeared to be more stable in aerosols. The population densities of the swatches recoverable at zero time and at 2 hr after exposure of the swatches were about the same for the three methods ( Fig. 1-6) . Therefore, the aerosol method of application did not produce an immediate effect upon the viability of the bacterial populations. However, the aerosol method evidently did affect the ability of populations of Salmonella typhimuriwn to survive on fabrics.
S. typhimurium was still infectious for Swiss mice after recovery from wool gabardine and cotton terry cloth swatches (Table 1) . Similar results on infectivity were obtained with Staphylococcus aureus harvested from wool gabardine swatches (28) . Garrod (6) , who contaminated dust with hemolytic streptococci, found that the organism was still infectious for mice at the end of 10 weeks.
Infections caused by gram-negative organisms have been of interest for several years. Crossinfections with salmonellae have been known to occur in hospitals (8, 23) , and several outbreaks of nosocomical infantile gastroenteritis due to enteropathogenic E. coli have been reported (20, 22) . Laurell (10) isolated E. coil from air-and floor-dust samples collected within a hospital treating infants and children admitted for gastroenteritis. Pseudomonas aeruginosa (7, 12) has been isolated from a number of sites in the environment of hospital services housing patients infected with this organism. McLeod (15) has shown that bedpans and urine bottles are often heavily contaminated with P. aeruginosa and that such contaminated objects frequently serve as reservoirs of infection. Anderson (1) isolated P. aeruginosa from the humidifying water of a system used to ventilate an operating theater. Other investigators have reported the isolation of gram-negative bacteria from humidifying devices, including some of the types used on infant incubators (5, 13, 24) . These studies represent only a few of the many reports that document the occurrence of gram-negative bacteria within an institutional environment. 
